In order to create a tool to help hydrologists and authorities to have good understanding about occurrences in stream flow regime together with its variation in the future under the impact of climate change in the Vu Gia Thu Bon catchment, a deterministic distributed hydrological model has 
INTRODUCTION
To date, many hydrological models have been developed with different theories to simulate catchments' hydrological phenomena. They may be classified according to the description of the physical process as conceptual or physically based, and according to the spatial description of catchment processes as lumped or distributed (Refsgaard ) . Each of these models has advantages and inconveniences for simulating the hydrological process. Lumped models are simple hydrological models which assume that all characteristics are constant across the catchment This kind of model maintains the physical details at a given grid size and considers the distributed nature of hydrological properties such as soil type, slope, and land use (Refsgaard ; Vansteenkiste et al. ) . In principle, the parameters of a distributed model could be obtained from the catchment data (Refshaard et al. ) . Due to this characteristic, a distributed model is supposed to be able to translate hydrological processes in a catchment more accurately and concretely. One additional advantage of a distributed model is that the outputs, such as water levels, discharges, and other hydrological variables, could be perfectly extracted at any location in the catchment (Graham & Butts ) . These efficiencies of the distributed model help to overcome difficulties in the lack of observed data, especially in developing countries, and which have a great significance for simulating the hydrological processes in a large catchment. As a result, they can provide more accurate predictions. From these pre-eminences, many distributed models have been developed and applied in recent years, such as MIKE SHE, SWAT, SWIM, LISFLOOD, and WETSPA (Cunderlik ) . Nevertheless, which model is the best to simulate hydrological processes according to the objectives of the waterrelated project, such as resource optimization or longterm perspective? Until now, this question has not been clearly answered. In fact, there exist certain arguments related to the quality of different models that the lumped models, in many cases, perform just as efficiently as distributed ones with regard to rainfall-runoff simulation when sufficient calibration data exist (Refsgaard & Knudsen ) . Moreover, even if the distributed model has drawbacks on computation time, initial parameter definition, or lack of spatial data for setting up the model as well as validation (Beven ) , most of the modelers greatly estimate the capacity of the distributed model over the lumped one (Beven ; Refsgaard & Knudsen ;
Golmohammadi et al. ).
The Vu Gia Thu Bon is one of the largest catchments located in central Vietnam. It is annually confronted with severe damage due to natural disasters such as catastrophic flood and drought events. Furthermore, according to the prediction of the IPCC's scenario (Pachauri & Reisinger ) , under the impact of global warming, sea level increase, changes in the hydrological cycle, abnormal phenomena, e.g., El Nino and La Nina in the Vu Gia Thu Bon basin, flood and drought disasters are forecast to happen more frequently and be more extreme. This situation will generate more severe consequences for people, livelihoods, and socio-economic development. Hence, in order to mitigate the impact of these catastrophes on the region, an efficient tool is required to help hydrologists and authorities to have a good understanding of what is happening in the stream flow regime and its potential variations in the future. For this purpose, and as outlined above, a fully deterministic distributed hydrological model -based on MIKE SHE modeling system from DHI -has been chosen to simulate the hydrological processes in the Vu Gia Thu Bon catchment. In other respects, the study also aims: (1) to confirm the performance of distributed model types to simulate the hydrological processes and the capacity to translate climate scenarios for large catchments with very limited data sets (almost an ungauged catchment); (2) to evaluate the sensitivity of model parameters; (3) to compare the calibrated efficiency of multi-site versus single-site models; and (4) to analyze the uncertainty of input data and the model structure.
VU GIA THU BON CATCHMENT
The Vu Gia Thu Bon (Figure 1 ), which originates on the eastern side of the Truong Son mountain range and drains to the ocean near Da Nang and Hoi An cities, is the biggest river system of the coastal province in the central region of
Vietnam. This system has two main rivers, the Vu Gia and Thu Bon rivers, which flow through many complex topographies. The relatively narrow mountainous area with a maximum elevation of 2,600 m at Ngoc Linh mountain, which features a large number of steep tributaries and the flat coastal zone at the downstream, is prone to annual flooding and consists of a complex interconnected coastal river system. This system is located in a tropical monsoon climate region where weather phenomena, such as extreme rainfall events and storms, happen in a complex way. With the typical characteristics of the region, the climate pattern in the Vu Gia Thu Bon basin is influenced by Truong Son Mountain in the west, which has quite high rainfall; the average annual rainfall of this area is from 2,000 mm to 4,000 mm. Even so, it differs by season; 65-80% of the annual rainfall is during the period of September-December.
The precipitation has shown increasing trends from north to south and from low to high elevation areas. Moreover, the region is annually attacked by two to four typhoons that bring huge rainfall and whirlwinds (To ; RETA  ). Typhoons generate inundation disasters that happen frequently and are more serious. In contrast, droughts occur frequently in the remaining months. Despite these complicated climate conditions, the hydrological monitoring network infrastructure in the basin is still underdeveloped.
The density of measuring stations is sparse, especially for the rainfall and the flow gauging stations in tributaries. 
METHODOLOGY Deterministic distributed hydrological model
In the many current hydrological models, a deterministic distributed model is likely to have more advantages. The Due to its performance, MIKE SHE has been used in a broad range of applications. It is being used operationally in many countries around the world by organizations ranging from universities and research centers to consulting engineering companies (Refshaard et al. ) . MIKE SHE has been used for the analysis, planning, and management of a wide 
Vegetation
The harvest schedule is set up for main plant types such as forest, homestead, rice, sugarcane, and grass. Each kind of crop is specified by vegetation property. The vegetation property in this simulation is from DHI results (DHI a).
River and lakes
In order to simulate the river flows better, the MIKE SHE model is coupled with a hydrodynamic MIKE 11 model at saturation, water content at field capacity, water content at wilting point, and saturated hydraulic conductivity.
Saturated zone
The groundwater is supplied by the Central Vietnam Division of Water Resources Planning and Investigation (http://www.
ceviwrpi.gov.vn). The characteristic of the aquifer is mainly
presented by horizontal hydraulic and vertical hydraulic conductivities.
Sensitivity analysis, calibration, and validation
In principle, the parameters of a distributed hydrological model should be assessable from catchment data and calibration has to target first the most significant variables such as topography representation (DEM). These variables are decided in order to rely on the results of the sensitivity analysis process. As well, and in order to ensure a relevant choice, the elasticity analysis or sensitivity ratio (Equation (1)), which has been applied in many different models in science, engineering, and economics for sensitivity analysis, is performed to exhibit more clearly the level of influence of each parameter towards river flow (EPA ; Maidment & Hoogerwerf ):
where Y 1 : the baseline value of the output variable using baseline values of input variables; Y 2 : the value of the output variable after changing the value of one input variable; X 1 : the baseline point estimate for an input variable;
X 2 : the value of the input variable after changing X 1 .
In addition, the sensitivity analysis quantifies the dependent rate of runoff on the change of these parameters. As a result, these rates make the calibration easier and allow acceptable values to be more quickly obtained. It is seen to be a prior step to the calibration process. (2)), the correlation coefficient (R) (Equation (3)), and Nash-Sutcliffe coefficient (E) (Equation (4) 
where X obs is observed value and X model is modeled value at time/place i. Table 2 .
Parameters for the precipitation-dependent time step control are put forward to reduce the numerical instabilities (DHI b). These parameters define the maximum rainfall value per time step and they are expected to have a great impact on river flows, at least on peak flows. In fact, the sensitivity analysis results in Table 2 demonstrate the role of these factors to peak flow. Accordingly, if the Max precipitation depth per time step (P Max depth ) increases, the peak flow will reduce. Table 2 . Eventually, the different responses of flow factors due to the input parameters are compared to each other by the elasticity ranking in Figure 4 . Following the above analysis, the saturated hydraulic conductivity of the saturated zone is the first factor that modelers need to notice when playing with base flow. As well, it is necessary to consider the role of the saturated hydraulic conductivity of clay, silt loam in the unsaturated zone towards the low flow component. The impact of these parameters on base flow discharge is not high but it is big enough to help get a better result. As there are not many parameters affecting base flow, the suggestion is 'try to calibrate base flow first before doing this process with peak flow'. Conversely, the peak discharge is affected by most of the parameters. The change quantity of the peak is affected by the parameter and sub-catchment. Importantly, the interaction between these parameters with runoff might be considered for obtaining a better simulation.
Calibration and validation
MIKE SHE mode parameter values are varied based on the above sensitivity analysis. The optimal values reached from the calibrated process are shown in Table 3 .
Hydrographs in Figure 5 demonstrate that the model simulates relatively accurately the runoff in the Vu Gia Thu Bon catchment. Simulated base flows at the two stations Nong Son and Thanh My are similar to the measurements.
However, it seems that the peak of sub-main flood is not presented well. The quality of observation data may cause this limitation. In the dry season, the data in these two stations are only captured once or twice per day, so could not present precisely the time of the sub-main flood appearance. It is really difficult to overcome the problem of missing data, so the simulated base flow might be acceptable. Following the hydrographs, peak floods are almost the same as the observation data. Occasionally, some peaks are higher than in reality, but the difference is not very great and is reasonably acceptable. In theory, this problem could be completely controlled. This issue seems uncomplicated in the simulation for a data factors, such as rainfall. Therefore, this component of runoff is more stable over a long time and closer to the measurement if the model is set well. In contrast, peak flow is influenced by many factors of the hydrological process, such as overland flow, unsaturated flow, groundwater flow, channel flow, evaporation, and particularly the rainfall data.
The time step of rainfall data input has a huge impact on concentration time, specifically to the time the peak discharge appears (Dendy ). For this reason, the rainfall data input using a large step might be the main cause of the differences in peak discharge in this MIKE SHE model, which uses daily rainfall input. The acceptability of this model can be explained by the safety aspect. Based on this aspect, the little overestimation of the model in the wet season might increase the safety when simulating extreme flood events.
The quality of this simulation is affirmed through the validated period. The flow in 10 years is regenerated approximately with the observation (Figure 5 ).
The efficiency of the MIKE SHE model is also shown through the statistical coefficients in Table 4 . Observed and simulated daily and monthly discharges are compared. Nong Son station (Figure 9(b) ). In the case of the Thanh My station, the difference between observed and simulated frequencies is reduced (Figure 9(a) ). Vansteenkiste et al.
() mentioned that the underestimation of most of the extreme low flows might be of high importance given that they point towards stronger underestimations for drier conditions.
Calibration and validation with water levels
In order to verify the efficiency of the MIKE SHE model for the Vu Gia Thu Bon catchment, the water levels recorded at several stations are compared with the results. However, the accuracy of simulated water levels is not as good as for discharges. Due to these differences, the statistical coefficients for water level comparison between simulation and measurements are not as high as the ones obtained for the discharges (Table 4) equation is supposed to be the best method for simulating unsaturated flow. However, in the current application, the two-layer UZ was chosen due to the limited available data sets and the short processing time.
The coupling between MIKE SHE and MIKE 11 contains additional potential uncertainties. It could notably affect water exchanging between the floodplain and riverbed. The number of simulating branches and intervals in MIKE 11 is considered as a main source of uncertainty. In the model, the coupling between MIKE SHE and MIKE 11 is not set well due to the limited number of cross sections. Additionally, there is a difference between overland flow and river flow, but in the analysis, the river network presented in MIKE 11 is merely over 44 large branches. Understandably, the set-up manner of the coupling between MIKE SHE/MIKE 11 is estimated, producing a large uncertainty.
Based on Table 4 , it is easy to recognize that statistical indices counting with monthly data are better than counting with daily data. Hence, an additional element affecting the quality of the hydrologic model concerns the time factors.
The time step applied in this MIKE SHE model is fixed at 1 day. This time step is still high, so it may not present thoroughly what the hydrological cycle is in the catchment.
As well, the timescale of the model is limited to 10 years.
The simulation time is thought not sufficient to convey adequately extreme events from natural phenomena.
Unavoidably, simulating the stream flow in the Vu Gia
Thu Bon catchment will contain particular uncertainties.
CONCLUSIONS
The aim of the approach was to assess the capacity of a deterministic distributed hydrological model based on the MIKE SHE modeling system to simulate the hydrological process and to estimate climate change impacts on the runoff in the Vu Gia Thu Bon river system. The developed model integrates most of the hydrological processes -from surface flow to groundwater flow, and evapotranspiration -and is expected to reproduce the hydrological cycle within the catchment. The results demonstrate clearly the performance of the approach with reasonable physical hypotheses that contribute to simplifying the calibration procedure. At the same time, due to its physical foundation, the model is hoped to produce a good assessment, with an estimated accuracy, of the climate change impacts over the catchment.
One of the advantages of fully deterministic distributed models is the possibility of overcoming the weakness and the lack of systematic data that is a frequent situation in many developing countries. The difference between actual and future runoff regimes could be compared anywhere over the catchment. Hence, an overview of changes in runoff regime across the whole catchment could be generated without difficulty. These points confirm the capacity and the efficiency of distributed models for assessing climate change impacts over hydrological processes.
The The sensitivity analysis has to be focused on the factors and variables that are directly affecting the runoff process.
The analysis has demonstrated that the runoff variation is strongly driven by parameter changes. In the Vu Gia Thu
Bon catchment, the peak flow is significantly affected by most of the model parameters while the base flow, as expected, is merely influenced only by the horizontal saturated hydraulic conductivity of the saturated zone and the saturated hydraulic conductivity of the unsaturated zone.
The analysis has demonstrated the interest of the sensitivity analysis in the calibration procedure, which requires a distributed deterministic hydrological model. At the same time, the sensitivity analysis approach helps to determine a useful range for each physical variable used for the stream flows and contributes to simplifying the calibration process.
